ABSTRACT. In order to elucidate the biochemical mechanisms operating to protect the brain from growth retardation in response to nutritional deprivation, comparisons were made of markers of cellular development in brain regions (cerebellum, cerebral cortex, midbrain + brainstem) and in a tissue which is not spared (heart). Nutritional status of neonatal rats was manipulated by increasing or decreasing the litter size beginning a t birth, and development of DNA, RNA, and proteins followed throughout the neonatal period. In addition, we assessed the activity and levels of ornithine decarboxylase and its metabolic products, the polyamines, which are known to coordinate macromolecule synthesis in immature tissue and to provide an early index of perturbed development. Cardiac ornithine decarboxylase and polyamines were altered within 48 h of initiating the changes in litter size, and the direction and magnitude of these biochemical effects were predictive of subsequent impairment or enhancement of organ growth and of cellular development. All three brain regions were buffered from growth alterations relative to the heart, but the cerebellum, which undergoes major phases of cell replication later than the other two regions, was somewhat less protected. The spared brain regions also showed evidence of compensatory hypertrophy in nutritional deprivation (increased protein/DNA ratio) which accounts for maintenance of growth in the presence of reduced cell numbers. Thus,-brain growth sparing involves specific cellular resDonses which are de~endent on the maturational profile of each brain region. -(~ediatu Res 22:599-604, 1987) Abbreviations ODC, ornithine decarboxylase ANOVA, analysis of variance
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ABSTRACT. In order to elucidate the biochemical mechanisms operating to protect the brain from growth retardation in response to nutritional deprivation, comparisons were made of markers of cellular development in brain regions (cerebellum, cerebral cortex, midbrain + brainstem) and in a tissue which is not spared (heart). Nutritional status of neonatal rats was manipulated by increasing or decreasing the litter size beginning a t birth, and development of DNA, RNA, and proteins followed throughout the neonatal period. In addition, we assessed the activity and levels of ornithine decarboxylase and its metabolic products, the polyamines, which are known to coordinate macromolecule synthesis in immature tissue and to provide an early index of perturbed development. Cardiac ornithine decarboxylase and polyamines were altered within 48 h of initiating the changes in litter size, and the direction and magnitude of these biochemical effects were predictive of subsequent impairment or enhancement of organ growth and of cellular development. All three brain regions were buffered from growth alterations relative to the heart, but the cerebellum, which undergoes major phases of cell replication later than the other two regions, was somewhat less protected. The spared brain regions also showed evidence of compensatory hypertrophy in nutritional deprivation (increased protein/DNA ratio) which accounts for maintenance of growth in the presence of reduced cell numbers. Thus,-brain growth sparing involves specific cellular resDonses which are de~endent on the maturational profile of each brain region. -(~ediatu Res 22:599-604, 1987) Abbreviations ODC, ornithine decarboxylase ANOVA, analysis of variance The growth and development of the neonate are controlled, in large part, by nutritional status (1-3). Nevertheless, the developing nervous system is spared relative to the rest of the body, and although nutritionally induced reductions of brain size and cell number can be produced, these are generally of far smaller magnitude than those seen in nonneural tissues (1-3). Within the brain, a hierarchy of susceptibility to altered growth has been demonstrated, which depends primarily upon the maturational timetables for cellular replication and differentiation (1-3). The question remains. however, as to the mechanisms by which brain growth sparing occurs. Recent evidence has demonstrated that macromolecule synthesis during cellular replication is controlled through the ODC/polyamine pathway (4-6), and that early measurements of ODC activity and/or levels of the polyamines can predict subsequent toxicological or nutritional alterations of cellular maturation (6-1 1). In the current study, we have examined the biochemical basis of brain sparing through measurements of ODC, polyamines and macromolecules in brain regions and in a nonneuronal tissue whose growth is not spared (heart). The heart provides an excellent model for comparison with the brain because, like neuronal tissues, it ceases cellular replication in the early postnatal period, and because its timetable for replication and differentiation resembles that of the cerebellum (7, (11) (12) (13) . In altering neonatal nutrition, we have adopted a commonly used model. namely increasing or decreasing litter size; this has the advantage of leaving maternal nutrition unaffected as well as maintaining constant contact of the pups with their dam (1, 14) . With regard to the latter factor, recent work has shown that removing pups from the dam produces growth retardation which is independent of nutrition and which resembles psychosocial dwarfism (1 5, 16) , and therefore the manipulation of litter size would appear to give a more definable model of malnutrition or overnutrition. Our results are consistent with the view that the response of developing tissues to nutritional alterations is determined by early regulatory changes in the ODC/ polyamine system which are distinctly different in neuronal verszls nonneuronal tissues.
METHODS
Eighty primiparous Sprague-Dawley rats (Zivic-Miller Laboratories, Allison Park, PA) were shipped by climate-controlled truck 2 wk prior to parturition and were placed on Purina rat chow ad libitlim. Immediately after birth, pups from all litters were randomized and redistributed into three litter size categories: five to six pups (small litter), 10-1 1 pups (standard litter), or 16-17 pups (large litter). As pups were chosen for each experiment, randomization within each category was carried out again in order to maintain the respective litter sizes. Animals of both sexes were randomly selected from different cages on each experiment day and groups were always sex matched. Pups were killed by decapitation and hearts were removed, drained of blood. and weighed. Brains were dissected into cerebellum, cerebral cortex and midbrain + brainstem as described previously (20) .
Analysis of ODC activity, nucleic acids, proteins and polyamines were camed out by standard procedures ( I I, 17-25).
Statistics. Data are reported as means and SEs. Statistical comparisons were first made by a global ANOVA for each type of measurement, with separation of factors by age, tissue, and litter size. Where a significant interaction of litter size x tissue or litter size x tissue x age was found, a separate two-my ANOVA was conducted for each tissue in order to typify the litter size effect. Significance was defined a s p < 0.05.
RESULTS

Body and tissue growth. Manipulation of nutritional status via
altering the litter size produced a highly significant shift in growth rates of neonatal rats (Fig. I) . Normal growth was maintained for the first few days after the pups were distributed into the three categories. However, abnormal body weights became apparent in the nutritionally deprived and nutritionally enhanced groups starting at the end of the 1 st postnatal wk and the effects intensified thereafter. By the middle or end of the 3rd wk, weight differences of as much as 40% were found. These actions were also reflected in effects on heart growth. Although brain region weights were also statistically significantly affected by litter size manipulation, sparing was evident in that the deficits in the deprived group were of much smaller magnitude. There was also a hierarchy of growth-retardant effects in the three brain regions with the largest effect seen in the cerebellum. Notably, nutritional enhancement did not alter brain growth.
ODC activity and polyamine levels. Measurements of ODC activity were conducted for two purposes. First, because ODC has an extremely short turnover time and is responsive to the maternal caretaking environment, acute (h) reductions in activity are readily seen if caretaking is adversely affected (1 5, 16, 26). We found normal ODC activities 12 h after redistribution of the pups to the various litter sizes (data not shown), and it is thus likely that the subsequent changes in growth, ODC, polyamines, and macromolecules reflect nutritional variables. Measurement of long-term changes in ODC activity (days) has been used to detect and predict growth-related alterations in cellular maturation (4-10, 23-26). In the current study, the litter-size manipulations were associated with shifts in the cardiac ODC developmental pattern consistent with subsequent growth impairment in the nutritionally deprived group, namely an initial inhibition of activity, followed by rebound elevations (Fig. 2) . On the other hand, overnutrition (small litter size) was associated with an ODC pattern typifying enhanced growth, namely an initial elevation of activity. These changes all preceded by several days the effects of litter size manipulation on cardiac growth. The effects on heart ODC were distinctly different from those on brain ODC, where nutritional alterations had little or no consistent effect.
Alterations of litter size had significant effects on polyamine levels in developing tissues (Fig. 3) . The prominent cardiac growth retardation or enhancement was preceded by a disruption of the developmental patterns of spermidine and spermine which was apparent even at 2 days of age; this was characterized by deficits in the nutritionally enhanced (small litter size) animals and elevations in the nutritionally deprived (large litter size) group. In the cerebella of the growth-impaired animals, significant overall elevations were seen in putrescine, spermidine, and spermine, but there was little or no effect on polyamines in overnourished pups. The other two brain regions (cerebral cortex, midbrain + brainstem) did not show any alterations of putrescine, spermidine or spermine which were consistent with the differential growth rates in the enhanced or deprived groups.
Macromolecules. DNA content of developing cardiac tissue was drastically affected by both types of nutritional manipulations (Fig. 4) . Although DNA remained within normal bounds through the end of the 1st postnatal wk, by 10 days of age significant enhancement was evident in the overnourished ani- heart > cerebellum > cerebral cortex > midbrain + brainstem. Two-way ANOVA indicates a significant litter size effect for each tissue as well as a significant litter size x age interaction in heart and cerebellum. mals, and by 13 days the undernourished group became substantially subnormal. Cardiac RNA was influenced to a much smaller degree. In the cerebellum, a significant reduction (malnutrition) or enhancement (overnutrition) of DNA was also detectable from the 2nd postnatal wk onward,'but the magnitude of effect was much smaller than that in the heart. Cerebellar RNA was not altered. A similar pattern was seen in the other two brain regions, with significant changes in DNA, but not RNA content; as was true for growth, there was a hierarchy of the litter-size effect on SEs were <IS%. Three-way ANOVA indicates a significant main effect of litter size on O D C activity, which was interactive with age, and which was largely restricted to the heart (litter size x tissue interaction). Twoway ANOVA indicates a significant litter size X age interaction in the heart, but not in any of the threc brain regions.
DNA, namely cerebellum > cerebral cortex > midbrain + brainstem.
Evaluations of protein content (Fig. 5 ) also indicated a significant impact of neonatal nutritional status on macromolecular development. Protein content was most severely affected in the heart, with deficits or enhancements comparable to the effects on tissue weight. However, protein per cell was affected only slightly, as shown by the cardiac protein/DNA ratio. Protein content was also altered in all brain regions, albeit to a lesser extent than in the heart. Protein/DNA ratios were only slightly affected in the cerebellum but exhibited major early elevations in cerebral cortex and midbrain + brainstem in the nutritionally deprived animals.
DISCUSSION
Previous studies have shown that rearing neonatal rats in groups ranging from large to small numbers of pups can respectively slow or enhance the rate of growth and cell acquisition in individual tissues (1-3). The present study indicates that these changes are not distributed homogeneously. In a nonneural tissue, such as the heart, dietary restriction produced severe reductions in weight gain which appeared to reflect a primary deficit in acquisition of new cells. This was demonstrated by the profound retardation of age-dependent increases in cardiac DNA as opposed to other macromolecules; the relatively normal protein content per cell (protein/DNA) indicated that no compensatory hypertrophy occurred in reaction to the shortfall in cell number. Nutritional status appeared to act as a regulator of cardiac development in either direction, as enhancement of cell numbers without changes in relative cell size were readily obtained via overfeeding of the neonates (small than normal litter size).
A different spectrum of effects on macromolecular development was apparent in the brain, where growth sparing was prominent. In the regions most highly spared, midbrain + brainstem and cerebral cortex, there were much smaller changes in DNA and none in RNA. Furthermore, there was evidence for compensatory hypertrophy during the early phase, as shown by elevations in protein/DNA. In contrast, the effects of malnutrition in the cerebellum, a region in which cell replication occurs largely postnatally (as in the heart), were midway between those seen in the heart and those seen in the spared brain regions. The cerebellum showed intermediate shortfalls in cell number (DNA), sparing of RNA and no evidence of compensatory hypertrophy (protein/DNA). In the brain regions we were not able to detect an enhancement of growth or cellular development as a result of overnutrition. Thus, although brain tissue is inherently less susceptible to nutritional alterations, some vulnerability is evident if the insult occurs during the period of rapid cell replication, and in this case (cerebellum) the pattern bears some semblance to that seen in the heart.
The question remains as to why the impact of nutritional alterations on macromolecular development is expressed differently in the various tissues. One possibility is that intracellular regulators of macromolecule synthesis are not uniformly affected. In the current study, the alterations in cell acquisition and growth in the most vulnerable tissue, the heart, were preceded by a corresponding alteration in ODC. For growth retardation, this was characterized by early reductions and subsequent rebound elevations in enzyme activity, a pattern recognized as a characteristic of delayed development (7-1 0, 24). Cardiac growth enhancement, on the other hand, was preceded by elevations in ODC. The relative lack of effect of nutritional deprivation or enhancement on brain ODC can thus be taken as a n early indicator of the subsequent sparing of both growth and macromolecule content. A similar pattern was found for nutritional effects on polyamine levels, namely a predominance of early actions on cardiac tissue and a lack of effect on the most highly spared brain regions. The cerebellum, where effects on growth and development were intermediate, did display alterations in polyamine levels, but the onset of the effects was later than in the heart. In fact, undernutrition led to changes in cerebellar polyamine levels centered around the 2nd to 3rd postnatal wk, a period in which granule cell replication and migration are occurring, along with axonogenesis and dendritic arborization (1 3,27). It is of particular importance that maintenance of O D C activity is a requisite for these events in the developing cerebellum (27) , and we have reported herein for the first time that the levels of spermidine and spermine reach a peak during this phase, a pattern unique to the cerebellum. It would thus be worthwhile to examine the impact of neonatal malnutrition on cerebellar architecture as distinct from gross measures of cell numbers.
It is of additional interest that nutritionally induced alterations in the most vulnerable tissue, the heart, are largely confined to spermidine and spermine, rather than the immediate product of the O D C reaction, putrescine. This suggests some dissociation between the activity of ODC itself and the accumulation of polyamines in the tissue. Indeed, in the cerebellum this can be seen even more prominently, because alterations in polyamine levels were detected in the absence of changes in ODC activity. Previous work with ODC inhibitors has suggested that significant nolvamine accumulation can occur in the absence of ODC r 2 activity (23, 25) , and some estimates of polyamine reutilization rates indicate that as little as 30% of brain putrescine originates directly from the decarboxylation of ornithine (28) . Because brain tissue, in particular, contains active uptake mechanisms for putrescine and the polyamines (29, 30) , acquisition of these compounds may be regulated separately from that of ODC during development. The question of whether similar mecha- Fig. 3 . Effect of litter size manipulation on development of tissue polyamine levels. Data represent mean values from at least eight animals selected from different litters in each group at each age. SEs were <lo%. Global ANOVA indicates significant main effects of litter size and interactions with age and tissue for all polyamines. In the heart, three-way ANOVA indicates significant main effects of litter size and interactions with all other variables, with the largest effect on spermine (main effect and interaction with age). In the cerebellum, all main effects and interactions were significant for all three polyamines. In the cerebral cortex, a significant main effect was seen for spermidine and an interaction of litter size x age for spermine. In the midbrain + brainstem, there were no significant effects or interactions for any individual polyamine.
nisms operate in developing cardiac tissue has not yet been fully vation or enhancement is characterized by a relative resistance explored, but at least one study indicates a failure of chronic to the macromolecular changes which occur in the nonspared ODC inhibition to deplete spermidine and spermine (3 1).
tissues. Because the primary effects are on cell acquisition, the Thus, it appears that brain sparing during nutritional depri-cerebellum is the least spared, since it is undergoing rapid cell
